. This phenomenon, known as ventricular "interdependence" or "interaction" results from the fact that some muscle bundles of the heart wrap around both ventricles and that the two chambers share a common wall, the septum. The pericardium provides additional constraints on total heart (ventricular plus atrial) volumes and thus plays an important role in modulating ventricular interaction (13,31). Current knowledge about the physiological role of ventricular interdependence is limited to an understanding of how conditions in one ventricle influence the end-systolic and end-diastolic properties of the opposite ventricle (31). In addition, ventricular interdependence may be modified in certain disease states (5). However, the impact the ventricular interdependence has on overall cardiovascular system function (e.g., cardiac output and arterial pressure) is unknown.
we developed a computer model in which ventricular interdependence could be turned on and off. Left ventricular chamber contractility, as judged by maximal elastance (E,,,) , was enhanced on the order of 10% as a result of ventricular interaction, whereas right ventricular E,,, was affected by as much as 60% under physiological conditions. With increases in systemic vascular resistance, ventricular interaction caused a smaller stroke volume (SV) decrease than with no interaction.
For canine data (SV = 21.4 ml), doubling systemic vascular resistance decreased SV by 3.7 without ventricular interdependence, 3.5 with diastolic ventricular interdependence, and 3.3 ml with diastolic and systolic ventricular interdependence.
In contrast, with increases in pulmonary vascular resistance, ventricular interaction caused a greater decrease in SV than with no interaction present. Decreasing left ventricular free wall elastance or right ventricular free wall elastance decreased SV. Diastolic ventricular interdependence reduced the SV changes, whereas systolic ventricular interdependence accentuated the SV changes with alterations in right and left ventricular free-wall elastance. The results of the present simulation demonstrate the importance of ventricular interdependence in the observed responses of the right ventricle to volume overload, pressure overload, and ischemia. ventricular interdependence; right ventricle; left ventricle; ventricular mechanics; computer simulation BECAUSE OF CLOSE ANATOMIC association, the pressure and volume in one ventricle can directly influence the pressure and volume in the opposite ventricle (3, 5, 9, 13, 26, 27) . This phenomenon, known as ventricular "interdependence" or "interaction" results from the fact that some muscle bundles of the heart wrap around both ventricles and that the two chambers share a common wall, the septum. The pericardium provides additional constraints on total heart (ventricular plus atrial) volumes and thus plays an important role in modulating ventricular interaction (13, 31) . Current knowledge about the physiological role of ventricular interdependence is limited to an understanding of how conditions in one ventricle influence the end-systolic and end-diastolic properties of the opposite ventricle (31). In addition, ventricular interdependence may be modified in certain disease states (5). However, the impact the ventricular interdependence has on overall cardiovascular system function (e.g., cardiac output and arterial pressure) is unknown.
Several barriers limit experimental evaluation of the consequences of ventricular interdependence on the cardiovascular system. Paramount among these barriers is the fact that ventricular interdependence is always present. To overcome such experimental problems, we developed a computer simulation of the cardiovascular system in which ventricular interdependence could be turned on and off, thereby enabling a comparison of cardiovascular function with and without interaction. Modeling of systolic and diastolic ventricular interactions was based on experimental data already in the literature (3, 5, 9, 13, (25) (26) (27) ). We did not include a pericardium because, in this initial study, we were interested in gaining insight into the consequences of ventricular interdependence by itself. The specific goal of the present study was to determine the extent to which ventricular interdependence influences changes in stroke volume after acute unilateral changes in vascular resistances or in ventricular contractile states.
METHODS
Overview of simulation. An electric circuit representation of the model used to simulate the cardiovascular system is shown in Fig. 1 . The brackets show the circuit with ventricular interaction. Both systemic and pulmonic circuits consist of inlet and outlet valves (represented by diodes), a characteristic impedance (R,) , arterial resistance (R,) , a resistance to venous return (R,) , and arterial and venous compliances (C,, and C,, respectively) , in the arrangement shown in Fig. 1 . Both systemic and pulmonary circuits were thus modeled as modified windkesse1 impedances (36) .
Without interaction, the right and left ventricles act independently of each other. The model we used to represent ventricular function is an extension of the previously proposed time-varying volume-elastance model [E(t) ], which describes the relation between instantaneous ventricular volume (V) and ventricular pressure (P) (34). The present model assumes a nonlinear end-diastolic pressure-volume relationship, a linear endsystolic pressure-volume relationship, and a smooth progression between the two during the cardiac cycle. End- 
where Ees is the maximal volume elastance, and Vo is the volume at which end-systolic pressure is 0 mmHg. Finally, we define a time function e(t), which describes the time course of the chamber stiffness between end systole (Eq. 2) and end diastole (Eq. 1)
2T max 5 t 5 T where t is the time from the onset of systole, Tmax is the time to the end of systole, and T is the duration of the cardiac cycle. Thus e(t) has a value of 0 at end diastole (when t = 0 or when t = T) and a value of unity at end systole (when t = T,,,). Equations 1-3 can be combined to describe the instantaneous relationship between ventricular volume and pressure
Accordingly, ventricular function is characterized by the parameters maximal elastance (E,,,), T,,,, Vo, A, B, and the function e(t). The function e(t) was considered to be the same for both ventricles (6), whereas the other parameter values were different for the right and left ventricles (see below). The model used to simulate the heart when ventricular interaction is present is schematized in Fig. 1 by three time-varying elastances that correspond to the right ventricular free wall (E,f), the left ventricular free wall (E&, and the septum (Es) (18). A description of how ventricular interaction was simulated is presented in the following passages. The interaction between each ventricle and its afterload is determined by numerical integration of the differential equation describing the respective circuits as shown in Fig. 1 .
Diastolic ventricular interdependence. Although numerous studies have demonstrated diastolic ventricular interdependence (3, 5, 9, 13, 26, 27) , a simple mathematical expression for diastolic ventricular interdependence has not been developed. Therefore, we developed mathematical equations to predict alterations in the diastolic pressure-volume relationship similar to the experimental data. To accomplish this, diastolic interaction was modeled by making A in Eq. 1 a function of the volume of the contralateral ventricle; B was considered to be a constant. Thus for the left ventricular end-diastolic pressure-volume relation
where AlO is the left ventricular exponential coefficient with a right ventricular volume equal to zero, m,-l is the sensitivity of Al, to changes in right ventricular volume, and V,, is right ventricular end-diastolic volume. Similarly, the dependence of the right ventricular on left ventricular volume was simulated by
where A,0 is the right ventricular exponential coefficient with left ventricular volume equal to zero, ml-, is the sensitivity of A,, to changes in left ventricular volume, and Vlv is left ventricular end-diastolic volume. This mathematical format for modeling diastolic interactions creates changes in the end-diastolic pressure-volume relationship similar to those observed experimentally by several investigators (3, 5, 9, 13, (25) (26) (27) . Each valve was represented in the model by a diode that permitted flow in only one direction.
Systolic ventricular interdependence. Systolic ventricular interaction was simulated in a manner recently proposed by Maughan et al. (18) , in which the heart is divided functionally into right ventricular free, left ventricular free, and septal walls. A detailed description of this model has been presented previously by Maughan et al. (18) . Briefly, the systolic properties of each wall are described by its own time-varying pressure-volume relationship. These time-varying relationships are represented in Fig. 1 by El,f( t), E,f( t), and E,(t), for the left ventricular free wall, right ventricular free wall, and septal time-varying elastances, respectively. With this configuration, the following end-systolic pressure-volume relationships for the total left ventricle and total (f rom Eq. 7), which is simply the elastance resulting from the parallel combination of the Es and Elvf. We defined the "effective E,,," of a ventricle as the ratio P&V,, -Vo). In this case, P,, resulted not only from intrinsic septal and free wall myocardial strengths but also from the effects of pressure generation in the opposite ventricle (Eqs. 7 and 8). In the absence of systolic interdependence, the native and effective E,,, are identical. In the presence of systolic interdependence, the effective E,,, is the sum of the native E,,, and the effect of the opposite ventricle.
Control parameter values and simulation interventions. The simulation was programmed in Basic on an IBM-PC XT microcomputer.
The values of all the simulation parameters under control conditions, presented in Table  1 , were chosen to be appropriate for a ZO-kg dog. Total systemic R, was set at 2.7 mmHg-s-ml-' with R, set at slightly <lo% of this total value (19). Systemic C, was set to provide a time constant of decay of arterial pressure pulse during diastole (R,, C,) of 1 s. Total pulmonic R, was set at roughly one-seventh that of the systemic arterial system, with pulmonic R, comprising approximately one-sixth this total value (4, 19). Pulmanic C, was also chosen to provide a l-s decay constant for diastolic pulmonary artery pressure. Pulmonic and systemic venous compliances (and their ratio) were set according to published values (28, 29). The value of the resistance to flow between the C, and the ventricle was set the same for the pulmonic and system ic circulation and chosen to provide reasonable flow rates during filling (unpublished observations). E,,, Vo, and Tmax values, in the absence of ventricular interaction, were set within the range found in intact animals for the left ventricle (15) and in isolated hearts for the right ventricle (16). The parameters for the end-diastolic pressure-volume relationship were taken from published parameter values for the left ventricle (11) and estimated from published figures depicting end-diastolic pressure-volume relations for the right ventricle (18).
The parameters values for diastolic interdependence were selected first to ensure that under control conditions, the right an .d left ventricular diastolic pressures and volumes would be unaltered, even with varying levels of interdependence. Second, a wide range of values were examined from very low levels of interdependence to very high levels of diastolic interdependence before the final values were chosen to reproduce previously published experimental data (11, 13). Figure 2 , A and B, shows the effects of these parameters on the diastolic pressurevolume relationships. The control pressures are the pressures that would be recorded without ventricular dependence but without a change in contralatera -inter-.l ventricular volume. Figure 2A shows the effec ts on right ventricular diastolic pressure (Prv) of a 5-ml increase or decrease in VI, from the control value (40.5 ml). Similarly, Fig. 2B shows the effects of a 5ml increase or decrease in control Vrv (34.7 ml) on left ventricular diastolic pressure (PI,).
For systolic ventricular interaction, Es was first se- lected. Based on approximately two-thirds of the total left ventricle being composed of the left ventricular free wall and one-third composed of the septum, E, would be 21 mmHg/ml.
This was reduced to 20 mmHg/ml to compensate for the right ventricular contribution to left ventricular systolic pressure development. E,f and Elvf were then adjusted to keep pressures and stroke volume at the same values obtained without ventricular interaction. Similarly, the values of V0 were selected to keep total left and right ventricular V0 at 5 ml.
The resulting hemodynamic variables obtained with the control parameter values (Table 1) are presented in Table 2 . Again, Ervf an d Elvf were adjusted appropriately to keep the effective E,,, the same with and without interaction. This meant that in the presence of systolic interaction, E lvf and E,f were reduced to 9.4 and 2.1, respectively. If Elvf and E,f had not been reduced with systolic ventricular interaction, then stroke volume (23.7), ejection fraction (0.56 left, 0.73 right ventricle), and effective E,,, (7.3 left, 6.1 right ventricle) would have all been substantially greater.
Protocol. Four interventions were examined: alterations in systemic and pulmonary resistance and changes in Elvf and E,f. For each intervention, the other parameters (Table 1) were kept constant. The systemic resistance was varied from 0.5 to 10.0 mmHg* sml-'.
Pulmonary R, was varied from 0.02 to 1.40 mmHg l se ml-'. Elvf and E,f were varied from 20 to 250% of their control values, respectively. Thus, in the absence of systolic ventricular interaction, Elvf varied from 2.2 to 27 mmHg/ ml and E,f varied from 0.7 to 8.8 mmHg/ml, whereas in the presence of systolic ventricular interaction, Elvf varied from 1.9 to 23 mmHg/ml and E,f varied from 0.5 to 5.2 mmHg/ml.
RESULTS
Theoretical impact of systolic interaction on chamber "contractility. n Before proceeding with the analysis outlined above, we examined quantitatively how the presence of systolic ventricular interaction influenced the contractile strength of the right and left ventricles. For this purpose, we indexed the contractile states of the right and left ventricles, as stated above, by their respective effective E,,,. Thus left ventricular E,,, was obtained by dividing Eq. 7 by [VI, -VI01 and right ventricular E,,, can be obtained by dividing Eq. 8 by [V, -V,,] . For illustrative purposes, the free wall and E, and V0 values were those presented in Table 1 . The impact of right ventricular pressure generation on effective left ventricular E,,, is shown in Fig. 3A , with VI, set at 19 ml (for values given in Table 1 ). Left ventricular E,,, with right ventricular P,, set at 0 mmHg (i.e., the y-axis intercept) is the native E,,, as defined above and represents the intrinsic pressure-generating properties of the left ventricular chamber. The increase in effective left ventricular E,,, above this intercept value with increases in right ventricular P,,, represents the impact of systolic ventricular interaction on left ventricular contractile strength under the defined conditions. As shown, there is a linear relationship between right ventricular P,, and effective left ventricular E,,,. Within the physiological range of right ventricular P,, values (15-30 mmHg), left ventricular E,,, was 6.8-7.0 mmHg/ml -7 to 10% greater than the native E,,, of 6.4 mmHg/ml.
The influence of left ventricular P,, on effective right ventricular E,,, is shown in Fig. 3B , with right ventricular V,, set at 13.2 ml (for values given in Table 1 ). The influence of left ventricular P,, on effective right ventricular E,,, is significant despite the fact that the slope of the left ventricular P,, effective-right ventricular E,,, relationship is quantitatively less than in the relationship depicted in Fig. 3A . The reason for this significant left ventricular influence is that left ventricular P,, is large. Within a physiological range of left ventricular P,,, effective right ventricular E,,, (3.0 mmHg/ml) is nearly 1.6 times its value when left ventricular P,, is 0 mmHg (i.e., the native right ventricular E,,, is 1.9 mmHg/ml). This indicates that as a consequence of ventricular interaction the right ventricular chamber (theoretically) has roughly 60% more pressure-generating capability than if the right ventricular free wall and septum had acted as an isolated organ. Over a physiological range of left ventricular P,, values @O-100), effective right ventricular E,,, ranged from 2.8 to 3.1 mmHg/ml.
Impact of ventricular interaction on cardiovascular hemodynamics. In the first simulation, we examined the impact of interventricular interaction on hemodynamic responses to changes in system R,. Figure 4 shows the relationship between systemic R, and stroke volume.
Regardless of the level of ventricular interaction, stroke volume decreased as systemic R, increased. However, both systolic and diastolic ventricular interaction each individually reduced the influence of systemic R, on stroke volume; that is, in the presence of either systolic or diastolic ventricular interaction an increase in systemic R, from control was associated with a smaller decrease in stroke volume, and a decrease in systemic R, from control was associated with a smaller increase in stroke volume. When both systolic and diastolic ventricular interaction were present, this effect was synergistic. Table 3 presents the values of several system variables obtained with systemic R, set at 5.0 mmHg+ ml-' (double control value) with various degrees of ventricular interaction (refer to eration during systole (secondary to decreased right ventricular filling), effective left ventricular E,,, decreased slightly. Overall, despite the drop of right ventricular V,d and slight decrease in left ventricular IT,,,, both ventricles were able to maintain a higher stroke volume compared with that existing without systolic interaction. When both systolic and diastolic ventricular interaction were present, both factors discussed above (increased left ventricular diastolic compliance and increased effective right ventricular contractility) played a role in potentiating stroke volume. Furthermore, the effect was synergistic; that is, the increase in stroke volume achieved in the presence of both systolic and diastolic interdependence was greater than the sum of the increases obtained with either alone.
The impact of ventricular interaction on the hemodynamic response to an increase in pulmonary R, is somewhat different from the response to an increase in systemic R, (Fig. 5 and with an increased pulmonary R, led to a decrease in left ventricular pressure generation, which in turn had a deleterious effect on effective right ventricular contractility (effective E,,,), with an overall effect of decreasing stroke volume. When both systolic and diastolic interaction are present, right ventricular V,d increased. However, despite the greater value for right ventricular Ved, stroke volume was still below the values obtained without interdependence because of the decrease in the effective right ventricular E,,,. The hemodynamic changes accompanying changes in Elvf are presented in Fig. 6 where we show the relationship between Elvf and stroke volume. Elvf is expressed as a percent of the control value, since Elvs equaled 10.8 without interdependence and 9.4 with systolic interdependence. Without systolic ventricular interdependence, & initially equaled 10.8 mmHg/ml and was varied from 2.2 to 27 mmHg/ml. With systolic ventricular interdependence, & was set to 9.4 mmHg/ml and varied from 1.9 to 23 mmHg/ml. Decreasing Elvf decreased stroke volume, whereas increasing El"f increased stroke volume. The presence of diastolic interaction had very little influence on the relationship when Ellvf was decreased below control conditions. With diastolic interaction, however, the increase in stroke volume with increased El"f was greater than under control conditions. With systolic interaction the increase in stroke volume accompanying increased Elvf was slightly greater and the decrease in stroke volume accompanying decreases in El"f was also greater than the responses without systolic ventricular interdependence. The net effect of simultaneous diastolic and systolic interaction was roughly the sum of the effects of each alone. Table 5 summarizes the circulatory hemodynamics when Elvf was decreased by 50%. Without ventricular interdependence, stroke volume decreased as left ventricular effective E,,, and ejection fraction decreased and left ventricular end-diastolic pressure and volume increased. Incorporating diastolic ventricular interdependence increased stroke volume slightly as left ventricular end-diastolic volume increased. In the presence of systolic ventricular interdependence, the stroke volume decrease was greater as left and right ventricular effective E,,, decreased. Figure 7 and Table 6 summarize the response to a decrease in E,,f. Here again E,f is expressed at a percent See Fig. 4 for line descriptions.
pendence.
See Fig. 4 for line descriptions. See Table 3 for abbreviations and units of measure.
of the control value. Without systolic ventricular interdependence, E,f initially equaled 3.5 and was varied from 0.7 to 8.8 mmHg/ml. With systolic interdependence, E,f was reduced to 2.1 and was varied from 0.5 to 5.2 mmHg/ ml. Diastolic interaction had very little impact on the relationship between stroke volume and E,f (Fig. 7) . With systolic interaction, increases in stroke volume with increased Ervf were greater than under control conditions, whereas decreases in stroke volume were greater when Ervf was decreased. The Ervf stroke volume relationship with both systolic and diastolic interaction was nearly the same as just described for systolic interaction.
In Table 6 , we show the hemodynamic variables with Ervf decreased by 50% from control. With systolic interaction, the primary decrease in E,f results in a greater decrease in left ventricular V,d than under control conditions, which results in less pressure generation by the left ventricle which, as a consequence of systolic interaction, leads to even less effective strength of the right ventricle as evidenced by the lower effective right ventricular E,,, and right ventricular ejection fraction. dependence was simulated by setting E, to 10 mmHg/ml and then adjusting Ervf (1.6 mmHg/ml) and Elvf (13.8 mmHg/ml) until ventricular pressures and volumes returned to control values (Table 2 ). Similarly, a low level of systolic ventricular interdependence was simulated by setting E, to 40 mmHg/ml and adjusting E,f (2.4 mmHg/ ml) and EIVf (8.1 mmHg/ml) to return ventricular pressures and volumes to control values. A change in the degree of systolic ventricular interdependence alters the sensitivity to changes in E,,f. Increasing systolic ventricular interdependence increased the changes in stroke volume with changes in ErVf, while decreasing systolic ventricular interdependence decreased the changes in stroke volume with changes in E,,,.
DISCUSSION
On a moment-to-moment basis, the pressure and volume in one ventricle can directly influence the pressure and volume in the other ventricle. This interaction occurs through the myocardium and is augmented by the pericardium. Because ventricular interdependence is always present and cannot be abolished in the working heart, the impact that ventricular interdependence has on overall cardiovascular system function has been difficult to ascertain. To overcome such experimental problems, we developed a computer simulation of the cardiovascular system in which ventricular interdependence could be turned on and off. Using the computer simulation, we examined the steady-state cardiovascular response to unilateral alterations in vascular resistance and ventricular contractility.
The effects of ventricular interaction were different if the primary change in a system parameter was made to the systemic circulation or to the pulmonic circulation. With increases in systemic R, the presence of ventricular interaction caused less of a decrease in stroke volume than without interaction. In contrast with increases in pulmonary R, the presence of ventricular interaction caused a greater decrease in stroke volume than with no interaction present. Diastolic ventricular interdependence decreased slightly the stroke volume changes associated with alterations in E,f and El,f, whereas systolic ventricular interdependence accentuated the stroke volume changes with alterations in Ervf and El,f.
Comparison to literature. To ascertain the validity of our model, we compared our simulation results with those obtained in working isolated heart preparations, whole animal studies, and clinical studies that have had direct quantitative measurements of ventricular interdependence.
In a working isolated heart preparation, Elzinga and colleagues (9) examined ventricular interdependence. The circulatory connections between the left and right ventricles were broken, allowing the aortic resistance, pulmonary artery resistance, and left and right atria1 filling pressures to be controlled independently. While the right atria1 pressure was maintained constant, increasing left atria1 pressure led to an increase in left ventricular systolic pressure and a decrease in right ventricular systolic pressure.
To simulate Elzinga's study, we modified our simulation to allow right atria1 pressure to remain constant. Similar to Elzinga's study, an increase in left atria1 pressure caused right ventricular systolic pressure to decrease slightly.
Several studies (8, 14, 18, 31) have measured the systolic gain or cross-talk between the ventricles. In general, these studies have measured the changes in systolic pressure caused by abrupt changes in afterload of the opposite ventricle. Table 7 summarizes the results of these studies. The studies show that the right-to-left ventricular gain is larger than the left-to-right ventricular gain. Elzinga et al. (8) report a very low right-to-left ventricular gain. However, they did not try to directly measure this gain and right ventricular pressure was only varied by 10 mmHg. Discounting this gain, right-to-left ventricular systolic gains ranged from 13.6 to 34.5%, whereas left-to-right ventricular systolic gains ranged from 8.6 to 14%. In the present study, Eqs. 7 and 8 give the cross-talk gains between the ventricles. The gain for left-to-right ventricular pressure is E,/( E, + E,) or 9.5%, and the gain for right-to-left ventricular pressure is El/ (El + E,), or 32%. These values are within the reported normal physiological range, with the right-to-left ventricular systolic gain on the high side of normal.
On a philosophical point, systolic gains do not directly indicate the relative importance of interdependence. For example, if the left-to-right gain was 10% and the rightto-left gain was 30%, one might assume that systolic ventricular interdependence is more important for left ventricular systolic function. However, if one examines the absolute magnitude of this cross-talk, the conclusions are totally different. This is because left ventricular systolic pressure is much greater than right ventricular systolic pressure. If we assume that all the left ventricular systolic pressure (100 mmHg, for example) is transmitted (10%) to the right ventricle then 10 mmHg (or -50%) of the total measured right ventricular pressure was generated by the left ventricle. Thus the systolic gains, while providing a direct measure of ventricular interdependence, can be misleading in regard to the relative importance of ventricular interdependence. Slinker and colleagues (30) observed that chronic pressure overload hypertrophy decrease ventricular interaction. For our simulation to show the same phenomena, hypertrophy would have to increase septal elastance more than free wall elastance; this would decrease the relative ratios of the elastances, and thereby decreasing the cross-talk between the two ventricles.
Moulopoulos et al. (20) Several clinical studies report results consistent with the concept of ventricular interdependence. Feneley et al. (10) observed that when right ventricular contraction either preceded or followed left ventricular contraction, right ventricular change in pressure over time waved form was double peaked. One peak corresponded to the peak rise in left ventricular change in pressure over time. These clinical data suggest the direct effect of right and left ventricular systolic pressure on right ventricular pressure development. However, these clinical studies give no indication of the magnitude of this interaction.
In a clinical study, Nunez et al. (21) used M-mode echocardiography to assess right ventricular wall thickness in normal tensive and essential hypertensive subjects. Right ventricular wall thickness was increased almost twofold in the hypertensive patients with hypertrophy. The results of the present simulation would be consistent with this observation. With hypertrophy, the elastance of the septum and left ventricular free wall would increase, thereby decreasing the systolic cross-talk between the ventricles. In effect, the left ventricular contribution to right ventricular performance would be lessened greatly. The right ventricle would have to compensate by increasing its intrinsic pumping ability to result in an increase in right ventricular wall thickness. Using our model, we simulated hypertension and hypertrophy, bv increasing sental elastance to 40 mmHg l ml-'. HI55 min and increasing systemic arterial to 4.0. With systolic ventricular interdependence, right ventricular free wall elastance had to be increased from 2.1 to 3.3. Thus the results and logic in the present simulation are consistent with this clinical observation, but obviously other interpretations of these clinical data are very possible and plausible.
Critique of methods. Because of the underlying assumptions the calculated results of this study should not be considered quantitative.
Rather, the results should be viewed as a qualitative demonstration of the potential physiological importance of ventricular interdependence. Also, because of the length of the paper, an advantage of a computer simulation was only briefly presented. In a computer simulation, one is able to vary from very low to very high values a large number of parameters.
The examination of the extremes can sometimes provide additional insights. Figures 3 and 8 provide an example of this where elastance is varied from very low to very high values. Again, due to the length of the paper, we only presented the values that probably represent normal ranges for diastolic and systolic interdependence.
Diastolic ventricular interdependence (3, 5, 25, 27, 35 ) was simulated by first approximating the diastolic pressure-volume characteristic of each ventricle by an exponential relation, the parameters of which were modified by the volume in the contralateral ventricle. With this simulation, the changes in ventricular diastolic pressure caused by changing contralateral volume were set to be similar to the reported literature (3, 5, 9, 13, (25) (26) (27) .
Simulating systolic ventricular interdependence was more problematic. We selected the approach of Maughan and colleagues (18). The heart was viewed as three walls composing two chambers. With this approach, the systolic pressure developed in one ventricle as partially a function of the contralateral systolic ventricular pressure. The values for septal and left ventricular free-wall elastance were selected based on the approximate relative size of these walls. Right ventricular free-wall elastance was adjusted until the effective right ventricular elastante was 3.0.
This simulation studied only direct myocardial effects of interaction without including the pericardium. The pericardium is generally believed to accentuate this coupling between the ventricles (35). Thus we anticipated that the responses would have been greater if we had included the pericardium.
Also, the stimulation did not model transient changes in ventricular input or arterial resistance.
Amoore (1) To overcome these problems, we developed a computer simulation of the cardiovascular system in which ventricular interdependence could be turned on and off. A major impact of ventricular interaction appears to be simply that pressure generation in one ventricle impacts on the pumping performance of the opposite ventricle. Ventricular interdependence decreased the hemodynamic effects of increasing systemic vascular resistance, while accentuating the effects of increasing pulmonary vascular resistance. The effects of regional decreases in elastance were accentuated by ventricular interdependence. In all cases, however, the magnitude of these effects were relatively small. This analysis may help to explain the right ventricular responses to elevated pulmonary artery pressure and regional ischemia. AND K. SAGAWA. 
